Linear arrays of ultrasonic transducers are commonly used as ultrasonic probes in medical diagnostics for imaging the interior of a human body in vivo. The crosstalk phenomenon occurs during the operation of transducers in which electrical voltages and mechanical vibrations are transmitted to adjacent components. As a result of such additional excitation of the transducers in the array, the directivity characteristics of the aperture used changes, and consequently there is interference with proper operation of a given array and the emergence of distortions in the obtained ultrasound image that reduce its quality. This paper studies the manner of propagation of mechanical crosstalk in the designed model of a linear array of ultrasonic transducers on the basis of unwanted signals, which appeared on elementary piezoelectric transducers when power is supplied to the selected transducer in the array. The universal model of linear array of ultrasonic transducers, which has been developed, allowed the simulation of mechanical crosstalk, taking into account the cross-coupling phenomenon in all of its structure with the use of finite elements method (FEM) implemented in COMSOL Multiphysics software. The analysis of crosstalk signals showed that they consist of aggregated pulses propagating with different speeds and frequencies. This signifies the formation of different vibration modes transmitted simultaneously via different paths. The paper is an original approach which enables to identify different vibration modes and estimate their participation in the crosstalk signal and their ways of propagation. Conclusions from the research allow predicting specific design changes which are significant due to the minimization of mechanical crosstalk in linear arrays of ultrasonic transducers.
Introduction
The intensive development of electronics in recent years allows the use of sophisticated methods and algorithms for multi-channel digital control of advanced processes for acquisition and processing of data in pseudo real-time. This has led to the development of advanced methods for shaping the ultrasound beam -focusing, steering, sweeping -in the area of ultrasonic medical diagnostics and non-destructive testing. Therefore, a market has developed for the production of multi-element arrays of ultrasonic transducers, which enable the multi-channel generation and recording of ultrasonic signals propagated in different media (Bertora, 2007) . Over the past 20 years, there has been a rapid growth in the construction and miniaturization of 1-D, 2-D and even 3-D multielement arrays of ultrasonic transducers for use in nondestructive testing of materials and in medical diagnostics in vivo (Bertora, The most important thing when designing the arrays of ultrasonic transducers is to match the transducers to effective operation in a given medium. In the applications of medical diagnostics for the imaging of tissue structures in vivo, elementary array transducers are powered by pulses and their desirable characteristics are high efficiency, effectiveness, sensitivity, and wide bandwidth for converting electricity to acoustic energy. This allows the imaging of tissue structures at greater depths and obtaining a high axial (along the direction of ultrasound propagation) resolution of imaging. It can be achieved by increase of energy generated by an elementary transducer in the array increasing its effective surface area, however, this limits the lateral resolution of imaging, therefore, in the case of linear arrays, the transducers have the shape of narrow pillars. Divergence of the wave beam in elevation (along the length of transducers) is limited by an acoustic lens. The wide band of elementary transducers in the array can be achieved by the use of piezoceramics with a low acoustic impedance, the use of piezoelectric composite, loading the back transducer surface using the attenuating layer, and matching the acoustic impedance of the transducer to the acoustic impedance of tissue using front matching layers (Bertora, 2007; Nakamura, 2012) . It is equally important to ensure the repeatability of parameters of individual elementary transducers in the array and automate the process of its manufacturing.
The fabrication of ultrasound transducer arrays is complex and diverse, and the impact of their design on the parameters of the transducer array is often difficult to predict. This is due to the interaction of vibrating elements, which are close to one another in the array structure (the so-called cross-coupling effect (Kino, Baer, 1983) ). Cross-coupling can occur in all structural components of the array (the backing layer, front layers, transducer mounts) as well as in a medium designed for the operation of the array. This phenomenon is caused by overlapping and propagation of different vibration modes (longitudinal, transverse, and surface waves, Lamb waves) in the array and the medium which is adjacent to its surface. Figure 1 shows the example of cross-coupling. In this case, the elementary transducers are designed to work on thickness vibration. Electrical excitation of one component causes thickness vibrations in it that are transferred to the second adjacent element, while the first and the third elements are excited to shear vibrations. In addition, the ultrasonic transducers in the array can be excited to vibrate as a result of permeation of electrical voltages between the system of signal electrode and common ground electrode leads. The result of these phenomena in ultrasonic arrays is the appearance of ultrasonic signals of relatively small amplitude in the elementary piezoelectric transducers which have been excited to operate in an undesirable manner by electrical or mechanical means, resulting in the transmission of signals and vibrations between the elements of the array (Celmer, Opieliński, 2015a; Guess et al., 1995) . The reason is insufficient mechanical and electrical insulation between the elements in the array. Crosstalk depends on many factors, such as the type and geometry of the piezoelectric elements, their distribution, the connection of electrodes, the type of connected conductors, shielding effectiveness of leads, and the construction of the matrix (Celmer, Opieliński, 2015a; Guess et al., 1995) .
Crosstalk is one of the main causes of noise impairing the quality of ultrasound images obtained because it distorts the directivity of the array and can also lead to a poor pulse response (Kino, Baer, 1983) . This is because the signal which excites one elementary transducer also excites adjacent transducers, which in the case of mechanical crosstalk generate small acoustic signals with the appropriate delay, which extends the transmitted and received pulses. The problem of crosstalk is particularly important in the case of arrays with a large number of elementary transducers used to precisely steering and focusing the beam for ultrasound imaging (Berg, Rønnekleiv, 2006) . In this case, many array transducers are simultaneously excited with pulses at different delays. As a result of repeated, uncontrollable mutual crosstalk, which adds up in different phases, an inconsistent sound field is created with undesirable peaks and troughs outside the focus. The design of the transducer array is specific due to the distribution of electrical and mechanical crosstalk. The four main stages of the production of linear arrays used in ultrasound B-mode scanners are shown schematically in Fig. 2 (Bertora, 2007) . Piezo- Fig. 2 . The main stages of the production of standard linear ultrasonic probes (Bertora, 2007) . electric ceramics is glued to the back loading layer and cut in order to separate elementary transducers in the array. The cuts (kerfs) are filled with a suitable material, and usually 1 or 2 front matching layers and the elevation-focusing lens are applied on top. Next, the signal wires are attached to individual piezoelectric elements and the assembly is moulded in a plastic block and encased to produce the finished ultrasonic probe (Bertora, 2007) . Most often, however, it is required that the acoustic coupling factor of backing layer is close to one in order to obtain the smallest mechanical quality factor of transducers in the array, therefore the transducers are filled from behind with the layer of epoxy resin mixed with tungsten powder or glass microbaloons. Good coupling in turn leads to more efficient transfer of mechanical vibrations through the back layer. In order to prevent this, one can make deeper kerfs between the transducers (Fig. 3 ), which in turn will increase the lateral deflections of the resulting protruding fragments (Kino, Baer, 1983) ; kerfs may also be shallow enough that piezoceramics remains connected (continuous) at the base. Type of material for filling the kerfs also affects the vibration characteristics of the whole system.
Mechanical crosstalk is also affected by imposing continuous front matching layers on already cut transducers or before cutting them. One should note that these small thickness (quarter wavelength) layers must be applied with great accuracy and precision. A specific design of arrays reduces or improves the connection of electrodes. Electrodes of transducers in arrays manufactured according to the method shown in Fig. 2 (metallization on the radiating and back surface) are often connected to the paths etched on a flexible thin film. Cutting the transducers on the back layer is easy from the point of view of production automation, but causes uncontrolled changes of parameters of individual elements after cutting, which should show the best possible repeatability.
Cutting piezoceramics to elementary transducer plates before merging with the back layer allows the automatic measurements of frequency admittance characteristics, determination of electromechanical parameters and making precise selections for their repeatability with the assumed margin of dispersion. The most important thing is to maintain the repeatability of resonant frequency of thickness vibrations and the electrical conductance in resonance, which determines the repeatable efficiency and sensitivity of transducers (Opieliński et al., 2010a; 2010b) . Cutting transducers at a preliminary stage of production is also necessary in the case of arrays with a curved surface (Gudra, Opielinski, 2006; Opieliński et al., 2015) . Figure 4 shows the image of cut piezoceramics used to build ultrasonic arrays. Cutting the piezoceramic plates at the initial stage of manufacturing allows the selection in terms of parameter repeatability, but hinders the precise positioning of the adjacent plates with a predetermined small gap. This gap along with the wide of the transducer (pitch) should be not more than a half of a wavelength, whereby there are no side lobes in directional characteristics within the angle of 90
• . In order to precisely position the elements and easily connect the leads to the electrodes, a pair of rigid PCBs is used with suitably etched paths and grooves to support the transducers in the rear, near the edges of their length. PCBs affect the cross-coupling phenomenon, because they are in a direct mechanical contact with the vibrating transducers. This way of support, however, limits the transverse vibrations in the width of the transducers. In order to facilitate soldering of paths which supply excitation voltages to the electrodes and the ground paths, specific etching of the part of the surface of electrodes in piezoceramic plates is often made, which also affects the crosstalk and electro-mechanical parameters of transducers in the array. As it has been demonstrated, all design elements and their mutual positioning and integration have a significant impact on the distribution of mechanical vibrations and electrical voltages in the array and its parameters on one hand, and the complexity and cost of manufacturing on the other hand, which should be reasonably optimized. The arrays of ultrasonic transducers have responses which do not conform to simple theories; the problem has been very difficult to approach theoretically, therefore, the array designs are often verified experimentally and modified at various stages of construction. It seems reasonable to use the finite elements method (FEM) implemented in commercial software. There are different theoretical approaches and different models used, which are more or less complex but most of them require multi-day calculations using supercomputers. It also lacks effective methods of a fast analysis of calculation results to identify paths of the crosstalk propagation in the standard linear arrays used in B-mode ultrasound scanners. The aim of this paper is to create a model of such a standard array structure, which could be further developed after the initial experimental verification, taking into account the increasingly complex designs, and use that model to determine the mechanical crosstalk and their causes and effects using COMSOL Multiphysics software (COMSOL, 2012 ). This in effect should help to design or fast modify ultrasonic arrays in order to reduce the mechanical crosstalk. The novelty of this work is to propose the fast and effective method of the FEM calculated crosstalk signal analysis by the average of speed propagation values in the context of maximum amplitudes and levels of characteristic peaks of the crosstalk spectrum. Such an analysis is possible thanks to the originally-developed virtual model of linear ultrasonic array consisting of simple structural elements that can be progressively complemented to obtain the complete construction. This approach allows recognizing the routes of crosstalk propagation in the form of various modes of vibrations. It has been found that the mechanical contact of the front and rear surface of transducers in the standard linear array is the main cause of crosstalk.
Theory
Relatively simple and well-known one-dimensional Mason or KLM model can be used to develop the model of a piezoelectric transducer (Nakamura, 2012 ). These models, however, have a number of limitations that do not allow the simulation of mechanical interactions in the structure of transducer array. In order to model the layout of piezoelectric transducers operating in a particular medium, it is necessary to formulate the governing equations for the piezoelectric device and wave propagation in the acoustic medium. However, it is very complicated to create a consistent analytical models in this case (Sherrit, Mukherjee, 2012; Wójcik, 1998), because the equations governing both the piezoelectric effect and acoustic wave propagation involve partial differential equations (PDE). Direct analysis of such a system can be very difficult, especially if the structure is complex. One of the possible numerical techniques that can be used to find the approximate solutions for PDE is FEM, which can solve physical systems of immense complexity through approximations of the PDEs and discretization of the system geometry. It can provide a 3-D model of the realistic transducer array simulation and a way to visualize the real acoustic wave propagation into the acoustic medium, as well as a simulation of an interaction of the acoustic field of an ultrasonic transducer with other objects.
The FEM is based on the division of areas into finite elements (polygons with 3 or 4 corners) for which the solution is approximated by specific functions, and performing the actual calculations only for nodes (in each element corner) of this division. The advantages of the FEM usage in that case are: 3-D pressure field investigation, modeling of back reflections from any interface, simulation of all vibration modes, consideration of losses in the materials, and simulation of different mechanical and acoustical interactions (Guo, Cawley, 1990 ). Besides the above advantages, finite element modeling has certain disadvantages as well. In order to obtain required accuracy at high frequencies, the finite element model of an ultrasonic transducer comprises several thousands to few million degrees of freedom. Such a large model requires computer systems with extensive processing capabilities and considerable effort to build, debug and operate. Another disadvantage of finite element modeling is that the response of a transducer can differ substantially from the actual response due to the use of an inadequate number of elements to resolve acoustic waves, unrealistic boundary conditions or less accurate model parameters (e.g. material properties). These disadvantages indicate the need for experimental validation of a finite element model. adopted FEM to analyze ultrasonic transducers. The innovative approach in this paper is the finite element modeling of mechanical crosstalk in the designs of linear periodic arrays of ultrasonic transducers used in medical diagnostics consisting of simple structural elements that can be progressively complemented to obtain the complete construction. This enables to determine which structural elements of the arrays, in which setup and to what extent affect the crosstalk using the specific way of crosstalk signal analysis. In terms of this work the simulation was made in the advanced COM-SOL Multiphysics commercial software, in AcousticPiezoelectric Interaction (Transient). There is a relatively small number of publications related to simulation of crosstalk in ultrasonic arrays using FEM, and the older ones present their own complex mathematical models, and only later ones use advanced, commercially available software packages ( Respective authors have different approaches and specific structures and models of arrays. Only a few publications in recent years use COMSOL software for this purpose. This reflects the novelty of the subject. The Acoustic-Piezoelectric Interaction, Transient user interface of COMSOL software combines Pressure Acoustics, Transient, Solid Mechanics, Electrostatics, and the Piezoelectric Devices interface features (COM-SOL, 2012; 2013). In the pressure acoustics physics interface is the pressure, p, the only dependent variable and the governing PDE is formulated as the inhomogeneous Helmholtz equation, used in COMSOL (Blackstock, 2000; COMSOL, 2012; 2013) :
where (1) are: sound-hard boundaries (walls), sound-soft boundaries, impedance and radiation boundary conditions.
Array models
This work includes the simulation of mechanical crosstalk in a linear array of piezoelectric transducers using COMSOL for three different and simple models (Fig. 6): 1) Complete (back layer + piezoceramics + front layer + water) with the support of the transducers in the rear using PCB mounting plates with grooves ( Fig. 6a), 2) Complete without supporting the transducers (Fig. 6b), 3) Incomplete (without front and back layers) with supporting the transducers (Fig. 6c ).
This combination of simulations allows the assessment of the effect of individual construction components on the propagation of mechanical crosstalk for a reasonable calculation time.
The maximum element size of mesh polygon (COMSOL, 2012; 2013):
was set for N = 5, when meshing the models (λ is the ultrasonic wavelength). Because all elements in the constructed mesh are smaller than h max , the limit is set larger than the actual required element size. The simulation was conducted using the frequency of thickness vibration of transducers f r = 2 MHz. Selected materials of individual components of the array models are characterized in Table 1 . When solving transient acoustic problems where the wave shape is not necessarily harmonic, it may be necessary to resolve its spatial variations with a fine mesh, say with a minimal scale dx = h max . In order for the numerical solution of the temporal development of the acoustic field to limit acoustic disturbances, it is necessary to restrict the maximal time steps dt = ∆t max taken by the solver. The condition is known as the CFL (Courant-Friedrichs-Lewy) condition (COMSOL, 2013). For transient acoustic problems it is defined as:
where c is the sound speed. This way, the maximal time steps can be expressed by the formula:
For applications where all shape functions are quadratic, the Courant-Friedrichs-Lewy number should be around 0.2. This condition restricts any acoustic disturbances to propagate more than 20% of the mesh size dx during one time step dt. Figure 7a shows a complete model of the linear array of piezoelectric transducers with support used for calculations (compare with Fig. 6a) , which was meshing in COMSOL, Fig. 7b shows the signal powering the central transducer, and Fig. 7c shows its spectrum. The assumed thickness h th of piezoceramic transducers results from the assumed frequency of thickness vibration f r and equals:
where N th is a frequency constant of NCE51 piezoceramics. The assumed width and length of transducers are respectively 0.5 mm and 18 mm, and the gap between them is set at 0.2 mm (i.e.: 0.7 mm pitch). The thickness of the front matching layer is equal to a quarter wavelength (0.20625 mm). The thickness of the back loading layer is 1.515 mm, the thickness of the walls of supporting PCB plates is 1 mm, and the thickness of the water layer is 0.30875 mm in Model 1 and 2, and 0.515 mm in Model 3. This way, the height of each of the models together with the water layer is 3 mm. Small layer thickness was assumed in order to shorten the time of calculations. To avoid the effect of multiple reflections in a thin layer of water and a back layer of the models (Fig. 7) , non-reflecting boundary condition was set for their external borders, which allows an outgoing wave to leave the medium with minimum reflections (COMSOL, 2013).
Results of calculations and analysis
The results of the simulation of mechanical crosstalk performed using COMSOL for three developed models of the linear array of piezoelectric transducers (Fig. 6) are shown in Figs. 8-10 as signals appearing on transducers adjacent to the powered transducer and sequentially more and more distant ones (No. 1, 2, 3, 4) , as well as the spectra of these signals. Graphical comparative analysis of the parameters of simulated crosstalk signals and their spectra for individual transducers in the developed models of arrays is shown in Figs. 11-14 . The analysis of waveform of crosstalk signal and their spectra (Figs. 8-10 ) confirms the occurrence of cross-coupling in structural components of array models (Fig. 1) . Crosstalk signals consist of aggregated pulses propagating with different speeds and frequencies. This signifies the formation of different vibration modes (thickness vibrations, shear vibrations, flexural waves) transmitted simultaneously via different routes (multipath effect in construction). This section includes original approach which enables to identify them and estimate their participation in the crosstalk signal.
The analysis of direct maximum peak-to-peak amplitude values of the mechanical crosstalk signal on the individual transducers No. 1-4 in the array with respect to the activated transducer (No. 0) shows that crosstalk signals are the largest in Model 3, and the smallest in Model 2, and their decay on transducers located farther from the activated transducer is not always monotonic (Fig. 11) . The absolute amount of crosstalk may, however, depend on the efficiency of transducers in a given array design (model), so one needs to additionally analyze the distribution of levels of maximum amplitude of spectrum for the crosstalk signal at a resonant frequency f r = 2 MHz with respect to the amplitude of the powering signal spectrum (Fig. 14 -dashed lines) . The levels decrease in similar manner in Models 1 and 3, and their values in Model 3 are approximately 16 dB greater than in Model 1. This means that, as expected, the transducers in Model 3 are more efficient than transducers in Models 1 and 2, hence the crosstalk generated here are bigger. This is caused by the lack of the back layer in Model 3, which reduces back vibrations of transducers in Models 1 and 2. In addition, crosstalk on individual transducers in Model 2 are decaying faster than in Models 1 and 3 ( Fig. 14 -dashed lines) , which is related to a lower stiffness of the structure in Model 2 (no PCBs supporting the transducers).
The decay in total mechanical crosstalk signal is not monotonic due to their complexity -the aggregation with different phases of different vibration modes with different propagation speeds and frequencies. One can attempt to isolate these modes by analyzing the delay of mechanical crosstalk signal and its visible com-ponents (Fig. 12, Figs. 8-10 ), as well as by means of spectral analysis (Fig. 13, Fig. 14) . -the values were determined based on the delays in the increasing paths from the center of the activated transducer to the centers of transducers n = 1, 2, 3, 4, sequentially adjacent (cn = ∆tn/(n · dp), where pitch dp = 0.7 mm).
The delay of mechanical crosstalk signal on individual transducers 1-4 in the array relative to the activated transducer (Fig. 12a) increases in all models in a more or less non-linear manner while Model 1 has the smallest delays, and Model 2 -the largest delays. The average speeds of propagation of crosstalk signal in the developed models, determining in sequence from the delays on the increasing paths from the center of the activated transducer to the centers of sequentially adjacent transducers show significant variation (Fig. 12b) .
The average speed of propagation in the transducer immediately adjacent to the activated one in Model 1 is about 3200 m/s, and increases to about 3700 m/s on the second one, drops to 3300 m/s on a third one further increases to 3400 m/s on a fourth one. Analyzing these speeds with respect to the waveforms in Fig. 8 and the speed of ultrasound in the individual structural elements of the array (Table 1) , we can conclude that in Model 1, crosstalk are carried by the PCB boards supporting the transducers from the rear and thereby stimulated to vibrations. However, these are superimposed by the prevailing crosstalk propagated in the back layer. The increase in the speed of crosstalk on the transducer No. 2 is caused by small lateral vibrations of the activated transducer, propagated by the filling in the gap between the transducers. In this case, the ultrasound wave travels the section in the piezoceramics along half the width of the activated transducer (0.25 mm), then the gap between the transducers in the epoxy resin (0.2 mm), the width of transducer No. 1 (0.5 mm), another gap in the epoxy resin (0.2 mm) and the half width of the transducer No. 2 (0.25 mm). The time of this transition is about 0.34 µs, which gives the value of about 3700 m/s of the average speed of propagation in the width center of transducer No. 2. This type of crosstalk is visible as a small pulse just before the vibration pulse propagated in PCB (Fig. 8 -second waveform from the left) . We can assume that a similar lateral wave does not pass through the PCB protrusions (transducer mounts), otherwise the pulses of the shortest runtimes (c av ≈ 4000 m/s) would appear in the crosstalk signal. These protrusions block the transverse vibrations in the volume of piezoceramics in the recess. Thickness vibrations of the activated transducer trigger a small flexural wave, which stimulates adjacent transducers in the array to thickness and transverse vibrations in varying proportion ( Fig. 1 ) and thus also carry crosstalk. Flexural wave is visible in the form of the modulation of the crosstalk signal (Fig. 8 -all waveforms) . Due to the speed of propagation less than the speed of ultrasound in water, flexural vibrations are incorporated into the crosstalk signal. Slow longitudinal waves transmitted in the back, front, and water layer (Table 1) have a small share in the crosstalk signal here and are not visible in the waveforms (Fig. 8) .
The average speed of propagation for all transducers in Model 2 is about 2650 to 2750 m/s (Fig. 12b) , which proves the transmission of these crosstalk signals mainly by the back loading layer (Table 1) . Larger values in this range appear in transducers 3 and 4 ( Fig. 12b) due to minor crosstalk resulting from transverse vibrations of transducers ( Fig. 9 -a small pulses at the beginning of two last waveforms). Pulses of transverse vibrations are small enough in this case that one cannot precisely determine the beginning of the signal, and therefore the speed of crosstalk on transducers 3 and 4 increases only slightly and does not reach the value of 3700 m/s, as in Model 1. Flexural vibrations in Model 2 also exist -the modulation of crosstalk signal is clearly visible (Fig. 9 -all waveforms). Slow longitudinal waves transmitted in the back, front, and water layer (Tale 1) have a small share in the crosstalk signal here and are not visible in the waveforms (Fig. 9) .
In Model 3, which lacks the front and rear layers, the propagation of thickness vibrations prevails in the water layer adjacent to the radiating surface of the transducers in the array (Fig. 10, Fig. 12b ) at the speed of 1485 m/s (Table 1) , however, they comprise vibrations of a small amplitude propagated as the result of the transmission of the wave in PCBs (c = 3200 m/s) and even smaller transverse vibrations of transducers propagated through the water filling the gaps between them (c ≈ 2800 m/s). We can assume that a similar lateral wave does not pass through the PCB protrusions (transducer mounts), otherwise the pulses of the shortest runtimes (c av ≈ 4000 m/s) would appear in the crosstalk signal. Flexural vibrations are also transmitted in the construction -the modulation of crosstalk signal is visible (Fig. 10 -all waveforms) . Slow longitudinal waves transmitted in the front water layer (Table 1 ) have a prevailing share in the crosstalk signal here.
The results of the foregoing analysis of mechanical crosstalk propagation pathways in the designs of the developed models of linear arrays of ultrasound transducers are shown schematically in Fig. 15 .
The frequency of vibration modes that make up the crosstalk signals can be determined by analyzing the characteristic components of the spectra of (Fig. 7c) , and the level of other components is referred to the respective amplitudes of the component f = 2 MHz in the same spectra from Fig. 13 .
these signals (Figs. 8-10 ). The results of this analysis are shown in Fig. 13 and Fig. 14 . Vibrations transmitted in crosstalk signals in each of array models comprise three frequencies: 1 MHz, 2 MHz, 3 MHz, whose energy share in the spectra are specific to each model, however, the share of the resonant frequency f r = 2 MHz is always the biggest (Fig. 13) . Based on the calculations and analyzes conducted in this paper, we can assume that the resonant component f r = 2 MHz consists of waves propagated as the result of the transmission of thickness vibrations of the piezoceramic transducer in the form of longitudinal ultrasound waves passing with the respective speeds ( Table 1 ) directly through the back layer, PCBs, front layer and water layer near the surface of the array (Fig. 15) . The component f = 3 MHz consists of waves propagated as the result of the transmission of transverse vibrations of the piezoceramic transducer in the form of longitudinal ultrasound waves passing with the respective speeds ( Table 1) through piezoceramics fragments and the materials filling the gaps between them in the array (Fig. 15) . The frequency of about 3 MHz is due the frequency constant of NCE51 piezoceramics for transverse vibrations (Noliac: Piezoceramics specifications). The component f = 1 MHz consists of waves propagated as the result of transformation of thickness vibrations of the piezoceramic transducer to flexural waves propagating at low speed throughout the whole structure of the linear array, along its length (Fig. 15) .
The lowest amplitude values of the spectrum (Fourier coefficient -FFTc) in the case of component 2 MHz exist for Model 2, they are slightly larger for Model 1 and definitely large for Model 3 (Fig. 13) . However, in the case of Model 3, it involves the increased efficiency, as noted earlier. Note that Model 3 was designed in order to verify the distribution of crosstalk after removing the back and matching layers, what is not exercised in the design of arrays intended for pulse operation, because in this case, with a significant increase in the quality factor of transducers, the narrowing of the operating bandwidth and extension of the duration of the generated pulses in media (tissue, water) take place at the expense of the increased efficiency. Transverse vibrations of transducers are the most attenuated in Model 2 and a little less in Model 1 (Fig. 13) . In turn, flexural vibrations are the smallest in Model 1 and slightly larger in Model 2 ( Fig. 13) , which can be explained by the greater rigidity of the array in Model 1 along its length due to the use of PCBs. Figure 14 shows the share of individual frequency components of the mechanical crosstalk signal in analyzed models of arrays. The level of component f = 2 MHz (dashed line) is referred to the amplitude of this component in the spectrum of the powering signal (Fig. 7c) , and the level of other components (solid lines) is referred to the respective amplitudes of the component f = 2 MHz in the same spectra from 
Conclusions
The universal model of linear array of ultrasonic transducers, which has been developed, allows the simulation of mechanical crosstalk, taking into account the cross-coupling phenomenon in all of its structure with the use of finite elements method (FEM) using the inhomogeneous Helmholtz equation implemented in COMSOL Multiphysics software. This model is simple and takes into account the most important presently used conventional designs of linear arrays, while allowing their elementary division with a resolution of no less than 1/5 wavelength of ultrasound. This provides a relatively fast calculation time and the capability to delete, replace, and add individual structures in order to investigate their effect on the distribution of mechanical crosstalk in the array.
Mechanical crosstalks in the linear array of ultrasonic transducers were simulated for three specific versions of the designed model in the form of signals appearing on transducers adjacent to the activated transducer, and then they were examined and analyzed, which made it possible to assess the impact of individual components on the size and ways of propagation of the crosstalk in the array. This analysis allowed the separation of characteristic vibration modes, determine their parameters and ways of propagation. It has been found that the mechanical contact of the front and rear surface of transducers in the array, which undergoes thickness vibrations, with layers immediately adjacent thereto, so that these vibrations are transmitted within the structure of these layers as a longitudinal ultrasonic wave with a resonance frequency, is the main cause of crosstalk. The formation of a flexural wave (with a frequency equal to a half the resonant frequency) propagated in continuous layers along the transducer array is also the reason for mechanical crosstalk, although much smaller. Transverse transducer vibrations at a frequency greater than the resonant one and small amplitudes also propagate in the structure of the array due to the width of piezoceramic pillars which does not differ significantly from their thickness (two times less). These vibrations depend on the method of attachment and support of pillars. They are added to the crosstalk signal, and are transmitted along the array of transducers due to the mechanical contact of vibrating side surfaces of transducers with the material which fills the gaps between them. The share of the individual vibration modes in the crosstalk signal depends on the design of the array and the distance between the tested and activated transducer; for the nearest 2-3 transducers, the resonance mode usually plays the largest part.
It is very difficult to simulate crosstalk signals on the shape and the nature of exactly consistent with measurements due to the calculation complexity, model simplifications and boundary conditions but taking into account the measurements of mechanical crosstalk in linear ultrasound arrays shown in the literature (Ballandras et Opieliński et al., 2014) , simulations carried out in this paper can be considered reliable. The obtained calculation results confirmed that mechanical crosstalk effects occur on adjacent transducers of the array, with a certain delay, as pulses, the amplitude of which fast decreases, in relation to the signal activating a transmitting transducer, with longer distance from that transducer. Longer distance causes the increase of the average delay. The detailed, experimental verification of the results obtained here will be carried out in future research, because it requires building the arrays which reflect the designs of the developed models in at least 3 versions.
Conclusions from the research allow predicting specific design changes which are significant due to the minimization of mechanical crosstalk in linear arrays of ultrasonic transducers. We can limit the distribution of resonant mode crosstalk in PCBs (which mount the piezoceramic pillars) by dispersing the ultrasonic wave on the discontinuities introduced in the structure of PCB plates (by drilling holes, kerfing the surface). The same wave in the back layer can be attenuated, e.g., by doping the epoxy resin with corundum powder or air-filled glass microbaloons, which will increase the density and ultrasound attenuation coefficient but will not substantially change the speed of ultrasound in the resin. The propagation of transverse vibrations in piezoceramics can be reduced by using composite transducers, as well as by cutting gaps between the transducers so that they contain air. Another way to limit the propagation of transducer transverse vibrations can be grinding the side surfaces of piezoceramic pillars in such a way that they are not parallel to each other. The flexural wave propagation can be limited by stiffening the structure of the array along its length, introducing more matching layers and introducing discontinuities to long layers and structural components conveying this type of vibrations. The set of three array models designed in this paper for FEM calculations allows the introduction of the foregoing design changes and simulation of mechanical crosstalk in the array in order to check which ones might prove to be most effective in practice, which is planned in subsequent research.
